The adenovirus E4orf4 protein induces p53-independent death of human cancer cells by a mechanism requiring interactions with the Ba subunit of protein phosphatase 2A. When expressed alone E4orf4 localizes predominantly in the nucleus, although significant levels are also present in the cytoplasm. While tyrosine phosphorylation of E4orf4 and recruitment of Src have been linked with E4orf4 cytoplasmic cell death functions, little is known about the functions of E4orf4 in the nucleus. In this study, we identified an arginine-rich motif (E4ARM; residues 66-75) that is necessary and sufficient for nuclear and nucleolar localization. This motif, which is highly homologous to the arginine-rich nuclear and nucleolar localization motif of some lentiviral proteins, was shown to target heterologous proteins to the nucleus and to nucleoli, functions found to be dependent on the overall charge of the motif rather than on specific residues. Furthermore, mutation of arginine residues to alanines but not to lysines in E4ARM was shown to block such targeting activity and, when introduced into full-length E4orf4, to decrease induction of cell death. Finally, coexpression of the ARM motifs of E4orf4, HIV-1 Tat or Rev along with full-length E4orf4 was seen to decrease E4orf4-dependent cell killing. Thus it appears that targeting of E4orf4 to the nucleus and cell nucleoli by E4ARM is an important component of E4orf4-induced cell death.
Introduction
Previous studies indicated that one of the products of the early region 4 (E4) transcription unit of human adenoviruses, termed E4orf4, induces p53-independent cell death in human cancer cells Shtrichman and Kleinberger, 1998) but not in normal human primary cells (Shtrichman et al., 1999) . E4orf4 was also found to be toxic in Saccharomyces cerevisiae (Shtrichman et al., 2000; Afifi et al., 2001; Roopchand et al., 2001) . In both human and yeast cells, cell killing appears to require interactions with the Ba/Cdc55 subunit of protein phosphatase 2A (PP2A) (Marcellus et al., 2000; Shtrichman et al., 2000; Afifi et al., 2001; Roopchand et al., 2001) . E4orf4-dependent death of human cancer cells is associated with some hallmarks of apoptosis, including in certain cases induction of caspases (Livne et al., 2001; Robert et al., 2002) ; however, caspase activation does not seem to be essential (Lavoie et al., , 2000 Livne et al., 2001; Robert et al., 2002) . Thus E4orf4 appears to kill by a caspase-independent pathway.
Previous work has suggested that while E4orf4 is present largely in cell nuclei, it can also be detected in the cytoplasm and cell membranes at later times following expression (Robert et al., 2002) . Localization of E4orf4 to the cytoplasm correlates with cell death Robert et al., 2002) and appears to occur via a mechanism involving tyrosine phosphorylation, recruitment of c-Src, as well as activation of calpains (Lavoie et al., 2000; Gingras et al., 2002; Robert et al., 2002) . Although E4orf4 nuclear targeting correlates with cell death, the mechanisms regulating this nuclear activity remain unknown. Indeed, it was suggested that this activity may be related to the induction of a G2/M arrest (Kornitzer et al., 2001; Roopchand et al., 2001; BenIsrael and Kleinberger, 2002; Robert et al., 2002) .
E4orf4 is a small 114-residue protein and thus its accumulation in the nucleus may suggest that it contains a nuclear import and/or retention signal. Nuclear import of proteins has been well characterized and requires associations with receptor proteins from the karyopherin-b family as well as an energy source in the form of a RanGDP/RanGTP gradient across the nuclear membrane. Most proteins are transported into the nucleus through nuclear pore complexes as cargo molecules through binding to receptor proteins via a nuclear localization signal (NLS) (Melchior and Gerace, 1995; Gorlich, 1997; Mattaj and Englmeier, 1998; Gorlich and Kutay, 1999; Strom and Weis, 2001 ). Monopartite and bipartite NLS, including prototypes found in simian virus 40 large T antigen (SV40 LT) (Kalderon et al., 1984) and nucleoplasmin (Robbins et al., 1991) , have been well characterized and contain either one or two stretches of basic residues, respectively.
Basic amino acids also characterize some motifs that target proteins both to the nucleus and nucleolus. Despite studies describing nuclear and nucleolar targeting of many cellular and viral proteins (Dang and Lee, 1989; Kubota et al., 1999; Hiscox, 2002) , little is known about the mechanisms and the functional relevance of the nucleolar localization of these proteins. Nucleoli are dense membrane-free structures that form an important subcompartment in the nucleus (Scheer and Hock, 1999; Carmo-Fonseca et al., 2000) . Association of nucleolar proteins with nucleoli is thought to occur either directly or indirectly with ribosomal DNA genes, ribosomal RNA (rRNA) transcripts or protein complexes involved in ribosome biogenesis (Carmo-Fonseca et al., 2000) . Although the nucleolus is the seat of ribosome biogenesis, many additional nucleolar functions have been proposed (Pederson, 1998; Carmo-Fonseca et al., 2000; Olson et al., 2000) , especially following the initial analysis of the human nucleolar proteome Scherl et al., 2002; Leung et al., 2003) . Hence, growing evidence now suggests that nucleoli are not only involved in ribosome biogenesis, but also function in RNA modification, RNA transport, as well as in cell cycle control and aging (Pederson, 1998; Carmo-Fonseca et al., 2000) . Additional evidence has demonstrated that nucleoli are dynamic structures with which proteins can associate transiently or accumulate under specific metabolic conditions Fox et al., 2002) .
Short, compact NLS-NoLS (NoLS: nucleolar localization signal) of 10-20 arginine residues, termed arginine-rich motifs (ARMs), have been identified and characterized in the Tat (Hauber et al., 1987 (Hauber et al., , 1989 Kuppuswamy et al., 1989; Malim et al., 1989a; Ruben et al., 1989; Siomi et al., 1990) and Rev (Kubota et al., 1989; Malim et al., 1989a) proteins encoded by human immunodeficiency virus 1 (HIV-1), in the Rex protein of human T-cell leukemia virus 1 (HTLV-1) (Siomi et al., 1988) , as well as in the cellular ribosomal protein RPS25 (Kubota et al., 1999) ; however, the role of nucleolar targeting in the function of these proteins is not clear. The ARM sequences of Tat and Rev have also been shown to be involved in transcriptional elongation of viral transcripts (Rosen et al., 1985; Seiki et al., 1988; Malim et al., 1989b) and stabilization as well as in the export of viral mRNA to the cytoplasm (Felber et al., 1989) , respectively, through their association with viral RNA structures. Interestingly, an ARM-like sequence exists in E4orf4 between residues 66 and 75 (E4ARM) and it has been hypothesized, although not demonstrated, that this motif plays a role in E4orf4 nuclear localization Robert et al., 2002) .
To understand the functional relevance of the ARM of E4orf4, we studied its function and effect on the subcellular distribution as well as on the killing activity of E4orf4. We identified a 10-amino-acid ARM in E4orf4 (E4ARM) that is highly similar to the ARM found in HIV-1 Tat and Rev and in the Rex protein of HTLV-1, and that when fused to green fluorescent protein (GFP) induced both nuclear and nucleolar targeting. Analysis of point mutations in E4ARM indicated that this sequence is necessary and sufficient to target heterologous proteins and full-length E4orf4 to the nucleus and nucleolus, and that the targeting properties of E4ARM are based on its overall positive charge rather than on the presence of specific arginine residues. Finally, we showed that mutations in full-length E4orf4 correlate with a loss of E4orf4-dependent cell death, and that coexpression of any of three different ARM sequences, namely GFP-E4ARM, GFP-TatARM or GFP-RevARM, along with E4orf4 inhibits E4orf4-mediated cell death. Therefore, our results establish that E4orf4 nuclear localization is mediated by E4ARM and is critical for the onset of E4orf4-induced cell death.
Results

The carboxy terminus of E4orf4 targets both to the nucleus and nucleoli
E4orf4 is known to have a nuclear and cytoplasmic distribution when expressed in mammalian cells, although nuclear localization is more prominent early following expression (Robert et al., 2002) . To determine if E4orf4 contains a nuclear targeting sequence, a construct was generated that encodes GFP fused to the carboxy terminus of E4orf4. In addition, cDNAs were prepared that encode the amino-terminal half (residues 1-63; Flag-E4orf4(NT)-GFP) and the carboxy-terminal half (residues 64-114; Flag-E4orf4(CT)-GFP) of Flag-E4orf4 fused to GFP (see Figure 1a) . These cDNAs were transfected into human H1299 cells and localization of their products was examined by direct fluorescence microscopy. Figure 1b shows that whereas Flag-GFP alone was present throughout the cell, apart from nucleoli, Flag-E4orf4-GFP was largely nuclear, as found previously (Lavoie et al., , 2000 Gingras et al., 2002; Robert et al., 2002) . FlagE4orf4(NT)-GFP had a similar distribution to Flag-GFP alone; however, Flag-E4orf4(CT)-GFP was present largely in the nucleus, with a clear accumulation in nucleoli. These results indicated that the region required for nuclear localization resides in the carboxy terminus of E4orf4. Further, they suggest that this region may contain an NoLS that may be less active in full-length E4orf4 (compare Flag-E4orf4-GFP and Flag-E4or-f4(CT)-GFP). Alternatively, these results suggest that residues such as tyrosines present in the amino terminus of the protein may play an important role in causing full-length Flag-E4orf4-GFP to localize outside the nucleus and nucleoli, as has been suggested in other studies . Figure 2 shows that the E4orf4 carboxy terminus contains an extended arginine-rich sequence from amino acids 66 to 75 that resembles more the NLS-NoLS found in HIV-1 Tat and Rev and HTLV-1 Rex than the SV40 LT NLS. To determine if this region is involved in nuclear and nucleolar targeting, cDNAs were generated that encode fusion products containing GFP linked to increasing deletions from the E4orf4 carboxy terminus, or to the ARM of Tat or Rev (see Figure 3a) . Figure 3b shows again that full-length GFP-HA-E4orf4 was present at low levels in the cytoplasm, with much higher amounts in the nucleus and with no major accumulation in nucleoli. Elimination of the amino-terminal 61 residues and amino acids 96-114 at the carboxy terminus of E4orf4 produced a striking effect in that no GFP-E4orf4(62-95) was evident in the cytoplasm and high levels were present in the nucleus, particularly in nucleoli. This pattern was similar to that observed in Figure 1 with E4orf4 residues 64-144 (FlagE4orf4(CT)-GFP) and to that presented in Figure 3b for GFP-RevARM, and suggested that the presence of amino-terminal sequences in E4orf4 greatly reduces localization to nucleoli and somewhat enhances cytoplasmic localization. Figure 3b shows that the further removal of residues [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] and ) enhanced the cytoplasmic localization of the GFP fusion products resulting in a localization pattern similar to that of GFP-TatARM, although some targeting to both the nucleus and nucleoli was retained. Thus these results suggested that residues 62-95 are sufficient for both nuclear and nucleolar targeting and that this targeting pattern resembles that of GFPRevARM. Residues 66-75, on the other hand, appeared sufficient for nucleolar targeting but residues 80-95 also seem to be required for more efficient nuclear targeting/ retention. In addition, nuclear and nucleolar targeting by residues 66-75 resembles that of GFP-TatARM. The close proximity of E4ARM to the amino acids 80-95 suggests that the NLS and NoLS of E4orf4 overlap.
E4ARM directs E4orf4 nuclear and nucleolar localization
GFP is a rather small protein (27 kDa) and thus potentially capable of diffusion in and out of the nucleus when fused to localization signals. Consequently, we also studied the ability of E4ARM to target a much larger protein, pyruvate kinase (PK; 90 kDa) to the nucleus and nucleoli. PK has been used for such a purpose in other localization studies (Kalderon et al., 1984; Dang and Lee, 1989; Siomi and Dreyfuss, 1995) and thus was fused to E4ARM, as shown in Figure 4a . Figure 4b shows results obtained in which cDNAs expressing myc-PK-E4ARM were transfected into H1299 cells and subcellular localization was evaluated by indirect immunofluorescence. Clearly, myc-PK was present exclusively in the cytoplasm, as seen in other studies (Kalderon et al., 1984; Dang and Lee, 1989; Siomi and Dreyfuss, 1995) , whereas significant amounts of myc-PK-E4ARM were present in nucleoli. Thus these results confirm that E4ARM functions as an NLS-NoLS that can actively transport heterologous proteins through the nucleus to nucleoli.
Nuclear and nucleolar targeting depends on the overall positive charge of E4ARM
Studies on SV40 LT NLS have shown that nuclear targeting is lost upon alteration of a single basic residue (Kalderon et al., 1984) . To examine the role of individual arginine residues in E4ARM, a series of alanine substitutions (see Figure 5a ) were introduced and the localization of wild-type and mutant GFP-E4ARM was examined by fluorescence microscopy. Substitution of alanine residues at R69 and R70, or R74 and R75 reduced but did not eliminate nucleolar accumulation (Figure 5b ; GFP-(E4ARM)R69-70A and GFP-(E4ARM)R74-75A, respectively); however, alanine substitutions at three arginine residues at the carboxy end of E4ARM or four arginine residues at either the amino or carboxy ends of E4ARM resulted in complete exclusion from nucleoli ( Figure 5b ; GFP-(E4ARM)R73-75A, GFP-(E4ARM)R66-70A and GFP-(E4ARM)72-75A, respectively). These results demonstrated the importance of these positively charged residues in nucleolar targeting. Moreover, Figure 5a and b also shows results in which lysine substitutions were introduced in place of one (GFP-(E4ARM)R66K), three (GFP-(E4ARM)R66-70K), five (GFP-(E4ARM)R66-73K) or seven arginine residues (GFP-(E4ARM))R66-75K). These changes had no effect on nucleolar targeting. Thus the function of E4ARM depends strictly on the presence of sufficient positive charge, regardless whether arginine or lysine is present.
Mutation of E4ARM results in a loss of nuclear and nucleolar localization
To determine whether E4ARM plays a role in the localization of full-length E4orf4 to the nucleus and nucleoli, the presence of mutant forms of GFP-HAE4orf4 containing alanine substitutions at critical arginine residues within E4ARM (see Figure 6a ) was studied quantitatively using high-resolution confocal laser scanning microscopy. H1299 cells were transfected with cDNAs encoding GFP, GFP-HA-E4orf4, GFP-HA-E4orf4-R73-75A or GFP-HA-E4orf4-R69-75A, and cytoplasmic, nuclear and nucleolar fluorescence was measured. Cytoplasmic/nuclear or nucleolar/nuclear ratios were then computed in order to account for nuclear and nucleolar localization, respectively (see Materials and methods for details). Figure 6b shows that GFP-HA-E4orf4 was significantly enriched in the nucleus and nucleoli compared to GFP (Po0.00015). Indeed, ratios of 3.63 and 0.78 were obtained for the nuclear and nucleolar localization of GFP-HA-E4orf4, respectively, compared to 1.05 and 0.49 for the nuclear and nucleolar localization of GFP, respectively. However, this enrichment appeared to decrease significantly (Po0.00015) in both compartments when the E4ARM of E4orf4 was mutated. Ratios of 2.05 and 0.33 were obtained for the nuclear and nucleolar localization of GFP-HA-E4orf4-R73-75A, respectively, and of 1.74 and 0.26 for the nuclear and nucleolar localization of GFP-HA-E4orf4-R69-75A, respectively, compared to 3.63 and 0.78 for the nuclear and nucleolar localization of the wild-type protein fused to GFP, respectively. Similar results were obtained for the HA-tagged proteins (data not shown). These results therefore suggested that E4ARM functions to target E4orf4 to Figure 3b ) of E4orf4 may be required to get better exclusion of the protein from the nucleus.
Exclusion of E4orf4 from the nucleus and nucleoli correlates with reduced cell death
To examine the effect of altering E4ARM on induction of cell death by E4orf4, H1299 cells were transfected with cDNAs expressing HA-tagged wild-type E4orf4, or the mutant forms described in Figure 6a , or with empty
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Nuclear Nucleolar Subcellular Localization (Ratio) Figure 6 Nuclear and nucleolar localization of full-length E4orf4 and E4orf4 E4ARM mutants fused to GFP. (a, b) H1299 cells were transfected with cDNAs expressing GFP, GFP-HA-E4orf4, GFP-HA-E4orf4-R73-75A or GFP-HA-E4orf4-R69-75A and cells were examined by direct fluorescence microscopy. Regions of the cytoplasm, the nucleus and nucleoli were also analysed by highresolution confocal laser scanning microscopy using the appropriate software to measure the intensity of the fluorescence signal, as described in Materials and methods. (a) Schematic representation of full-length GFP-HA-E4orf4, GFP-HA-E4orf4-R73-75A or GFP-HA-E4orf4-R69-75A (not to scale). The upper sequence indicates the residues comprising the wild-type E4ARM, while lower sequences indicate the residues comprising the mutant E4ARM with mutations in bold characters. (b) Representative micrographs of cells expressing GFP, GFP-HA-E4orf4, GFP-HAE4orf4-R73-75A or GFP-HA-E4orf4-R69-75A, and summary of the intensity of the fluorescence signals recorded. Measurements of fluorescence in the cytoplasm, nucleus and nucleoli of a total of 30 cells observed in at least three separate experiments were obtained and the cytoplasmic/nuclear or nucleolar/nuclear ratios were calculated (Po0.00015) as described in Materials and methods. GFP-HA-E4orf4, GFP-HA-E4orf4-R73-75A and GFP-E4orf4-R69-75A are also designated as G-WT, G-R73-75A and G-R69-75A, respectively. The scale bar indicates 20 mm After 24 h, the cells were harvested and diluted and equal numbers of cells were replated in triplicate and grown for 15 days in the presence of geneticin to measure cell killing by inhibition of colony formation, much as described previously (Marcellus et al., 2000) . Figure 7b (inset) shows that all E4orf4 species were expressed in these cells, as determined by Western blotting using anti-HA antibody. Figure 7a shows the typical colony formation obtained with control DNA (high number of colonies, thus no cell killing), wild-type HA-E4orf4 (few colonies, thus a high degree of cell killing) and the two mutants. Figure 7b shows that both E4ARM mutants were significantly reduced in toxicity relative to wild type (38 and 55% cell growth for HAE4orf4-R73-75A and HA-E4orf4-R69-75A, respectively, compared to 16% for HA-E4orf4; Po0.015), suggesting that nuclear and nucleolar targeting may be of importance in induction of cell death. We were concerned that, in addition to functioning as a nuclear/ nucleolar targeting sequence, the E4ARM region might also be involved in other functions of E4orf4, including protein-protein interactions with key targets. We therefore also examined the toxicity of mutant HA-E4orf4-R66-73K in a similar colony formation assay. This mutant contains lysine substitutions for five of the seven critical arginine residues in E4ARM, and although differing in sequence from wild type, this mutant form of E4ARM was shown in Figure 5b to target GFP very efficiently to the nucleus and nucleoli, presumably due to its overall highly basic charge. Figure 7b shows that HA-E4orf4-R66-73K kills about as well as wild-type HA-E4orf4 (20% compared to 16%, respectively; Po0.015). Thus again these results support the contention that nuclear and nucleolar targeting may be of importance in induction of cell death by E4orf4. The role of E4ARM in cell killing was also investigated using another approach. H1299 cells were cotransfected with cDNAs expressing wild-type HAE4orf4 and GFP-E4ARM, GFP-TatARM or GFPRevARM. We believed it reasonable that if nuclear/ nucleolar targeting was functionally important in E4orf4-induced cell killing the overexpression of E4ARM and perhaps other ARM sequences might compete with the endogenous E4ARM for nuclear and/ or nucleolar targeting factors, thus affecting E4orf4 localization and cell killing. Approximately 60% of the cells were transfected in this experiment, as observed by fluorescence microscopy (data not shown). Cell killing was measured using a short-term assay that takes advantage of our earlier observations that E4orf4-induced killing is associated with a rapid rounding of cells (Marcellus et al., 2000) as well as induction of membrane blebbing (Robert et al., 2002) . Figure 8a shows the effects of coexpression of GFP-E4ARM, GFP-TatARM or GFP-RevARM expression on the induction of cell rounding and membrane blebbing by E4orf4, while Figure 8b shows the expression of the various protein species by Western blotting. Figure 8a shows that cells expressing HA-E4orf4 and only empty vector DNA (EV), or both HA-E4orf4 and GFP, undergo extensive rounding and membrane blebbing typical of E4orf4-induced cell death (Robert et al., 2002) . In marked contrast, cells expressing both HAE4orf4 and GFP-E4ARM, GFP-TatARM or GFPRevARM exhibited very little of these death-related markers and appeared to have a flatter morphology much like the empty vector control (EV). Hence, coexpression of GFP-E4ARM, GFP-TatARM or GFP-RevARM effectively blocked E4orf4-induced morphological cell death effects. These results suggested that nuclear and/or nucleolar targeting of E4orf4 is critically important for its toxicity.
Discussion
In this study we identified a domain that affects both the subcellular distribution and the killing activity of E4orf4. Indeed, we demonstrated that the 10 residues of E4ARM are necessary and sufficient to target E4orf4 to the nucleus and nucleolus as well as to regulate its ability to induce cell death. We demonstrated that like other ARMs E4ARM is able to target heterologous proteins such as GFP and PK to the nucleus and nucleoli. Interestingly, using point mutants, we showed that E4ARM targeting properties are based on the overall positive charge and not on the specific presence of arginine residues. Furthermore, we showed that mutations in E4ARM affecting nuclear/nucleolar targeting correlate with a loss of E4orf4-dependent cell death and that coexpression of full-length E4orf4 with E4ARM or the ARM of HIV-1 Tat or Rev inhibits E4orf4-induced cell death. Therefore, our results strongly suggest that E4orf4 nuclear localization is mediated by E4ARM and is critical for the onset of E4orf4-induced cell death. The primary sequence and functional features of E4ARM indicate that it is highly homologous to the ARM of other lentiviral proteins such as those of HIV-1 Tat (Hauber et al., 1987 (Hauber et al., , 1989 Kuppuswamy et al., 1989; Malim et al., 1989a; Ruben et al., 1989; Siomi et al., 1990) , HIV-1 Rev (Kubota et al., 1989; Malim et al., 1989a) or HTLV-1 Rex (Siomi et al., 1988) . Like these domains, E4ARM is composed of a continuous, compact stretch of basic residues approximately 10-20 amino acids in length (Figure 2 ) and is necessary and sufficient to target heterologous proteins such as GFP or PK to the nucleus and nucleoli (Figures 3 and 4) . In addition, the overall charge appears to be essential for nuclear and nucleolar localization (Figures 5 and 6 ), as has been suggested for the ARM of HIV-1 Tat and Rev (Dang and Lee, 1989; Kubota et al., 1999) and other similar basic motifs present in viral (Hiscox, 2002) and cellular proteins (Kubota et al., 1999) . E4ARM, like other basic compact motifs, differs from the wellcharacterized classical SV40 LT NLS in that the overall charge is generally greater than that of the SV40 LT NLS (4 þ 8 compared to o þ 5) and in that E4ARM is not sensitive to alterations at single amino acids ( Figure 5 ) as with the SV40 LT NLS (Kalderon et al., 1984) . The data presented here therefore strongly suggest that E4ARM functions as an NLS-NoLS in full-length E4orf4.
E4orf4 has been shown to induce cell death both from the nucleus and cytoplasm. While cytoplasmic death targets involve the regulation of Src, nuclear cell death targets remain unknown (Lavoie et al., , 2000 Gingras et al., 2002; Robert et al., 2002) . Importantly, this study shows that nuclear and nucleolar localization of E4orf4 is mediated by E4ARM and is crucial for induction of cell death as E4orf4 mutants carrying point mutations in E4ARM not only display reduced nuclear and nucleolar localization (Figure 6 ) but also a significantly decreased induction of cell death (Figure 7) . It is likely that complete inhibition of cell death was not observed because E4orf4 is believed to exhibit more than one cell death activity Robert et al., 2002) , including a c-Srcdependent cytoplasmic pathway (Robert et al., 2002) . Coexpression of full-length HA-E4orf4 with GFP-E4ARM, GFP-TatARM or GFP-RevARM also resulted in a decrease in the onset of cell death (Figure 8 ), suggesting not only that E4ARM can compete with fulllength HA-E4orf4 for nuclear/nucleolar targeting factors but also that other comparable ARM sequences can achieve a similar effect. Of note is the fact that Tat and Rev have both been shown to be imported into the nucleus via the association of their ARM with the import receptor importin beta (Truant and Cullen, 1999) . Hence, it is likely that overexpression of ARM sequences saturates the import machinery and prevents E4orf4 from gaining access to the nucleus to some extent. Preliminary results indeed show that incubation of cells expressing GFP-HA-E4orf4 on ice results in decreased nuclear localization (data not shown), thus indicating that E4orf4 is actively transported into or retained in the nucleus. It should be noted that it has been difficult to demonstrate large changes in nuclear and nucleolar localization of E4orf4 following coexpression of ARM sequences (data not shown). This lack of effect could be explained by the inability of GFP-E4ARM, GFP-TatARM or GFP-RevARM to prevent all HA-E4orf4 molecules from gaining access to the nucleus, especially if E4orf4 also diffuses through the nuclear pores into the nucleus instead of being actively transported (E4orf4 is quite small at 14 kDa). Alternatively, the binding sites with which GFP-E4ARM, GFP-TatARM or GFP-RevARM interact could remain unsaturated at expression levels used in the present experiments, thereby allowing significant, although perhaps insufficient, lethal levels of HA-E4orf4 to be observed in the nucleus and nucleoli. It also remains possible that, rather than affecting localization, coexpression of HA-E4orf4 with E4ARM disrupts E4orf4 protein-protein interactions important for cell death, as the ARM sequences of Tat and Rev have been shown to be multifunctional domains (Hauber et al., 1987 (Hauber et al., , 1989 Seiki et al., 1988; Siomi et al., 1988 Siomi et al., , 1990 Felber et al., 1989; Kubota et al., 1989; Kuppuswamy et al., 1989; Malim et al., 1989a, b; Ruben et al., 1989) . Some of the mutants in full-length E4orf4 affecting the E4ARM motif presented in Figure 7 have been found previously to be defective both for cell killing and for interactions with the Ba subunit of PP2A (Marcellus et al., 2000) or with Src kinases (Champagne et al., 2004) , events considered important in E4orf4-induced cell death (Marcellus et al., 2000; Shtrichman et al., 2000; Afifi et al., 2001; Roopchand et al., 2001; Champagne et al., 2004 ) however, we think it unlikely that the effects of ARM overexpression on interactions of E4orf4 with the Ba subunit of PP2A represent a likely explanation for the observed reduction in E4orf4 killing for three reasons. First, E4ARM does not bind to detectable levels of the Ba subunit of PP2A (data not shown). Second, coexpression of heterologous GFP-TatARM or GFP-RevARM sequences had a similar effect. And third, although mutant HA-E4orf4-R66-73K contains five arginine to lysine substitutions in E4ARM, it was similar to wild type in both nuclear/nucleolar targeting and cell killing (Figure 7 ). Thus it seems most likely that the effects relate to interference of interactions of E4orf4 with critical nuclear/nucleolar targeting molecules. Further studies will be required to elucidate the basis for this phenomenon.
Although the role of HIV-1 Tat or Rev in nucleoli is not understood, studies have shown that the ARM sequences of these proteins interact with B23 and C23. B23 and C23 are nucleolar shuttling proteins involved in rRNA processing and ribosome assembly (Fankhauser et al., 1991; Marasco et al., 1994; Li, 1997) . It is thus possible, although not proven, that nucleolar localization of GFP-E4orf4 results from the association of E4ARM with the same proteins. However, nucleolar localization of E4orf4 may be regulated differently from Tat or Rev. Indeed, and in contrast to these proteins (Hauber et al., 1987 (Hauber et al., , 1989 Kuppuswamy et al., 1989; Malim et al., 1989a; Ruben et al., 1989; Siomi et al., 1990) and Rev (Dundr et al., 1995; Kubota et al., 1989; Malim et al., 1989a) , full-length GFP-E4orf4 does not seem to accumulate in nucleoli in large amounts under steady-state conditions (Figures 1 and 6) , even though the C-terminal half of E4orf4 containing E4ARM does (Figure 3 ). In addition, as with a known subset of proteins found to be part of the nucleolar proteome , full-length GFP-E4orf4 can be enriched in nucleoli when transcription is inhibited using actinomycin D (data not shown). Further, association of E4orf4 with nucleoli may depend on the availability of E4ARM at the surface of the E4orf4 molecule and/or may depend on the post-translational modification of certain residues present in or next to the motif, as has been shown with other cellular or viral proteins (Lohrum et al., 2000; Catez et al., 2002) . Thus association of E4orf4 with nucleoli may be transient.
Interestingly, adenovirus infection has been shown to interfere with nucleolar functions by blocking the production and nuclear export of the 18S and 28S rRNA species (Raskas et al., 1970; Ledinko, 1972; Castiglia and Flint, 1983) . Likewise, adenovirus infection has also been shown to cause the relocalization of the nucleolar proteins RNA poymerase I, B23 (Walton et al., 1989) and fibrillarin (Puvion-Dutilleul and Christensen, 1993) involved in ribosome production to viral replication centers in the nucleoplasm; however, no viral protein containing basic NLS-NoLS and targeting to nucleoli (Lutz et al., 1996; Matthews, 2001; Lee et al., 2003 Lee et al., , 2004 has been shown so far to cause nucleolar dysfunction. E4orf4 is thus an interesting candidate for induction of nucleolar dysfunction, which perhaps could play a role in cell death.
Altogether, the present data indicate that E4ARM plays an important role in the regulation of nuclear and nucleolar localization of E4orf4 as well as in induction of cell death from the nucleus. It is therefore not surprising that most well studied adenovirus serotypes have conserved this motif (data not shown). Continuing studies are under way to investigate further the possible functions of E4ARM in E4orf4-induced cell death.
Materials and methods
Cell culture, DNA transfection and protein expression Human H1299 cells (ATCC CRL-5803), which are deficient for p53, were cultured in a-minimal essential medium (a-MEM) (Bio-Whittaker) supplemented with 10% fetal bovine serum (Bio-Whittaker), 100 U of penicillin and streptomycin/ ml, and 0.292 mg L-glutamine/ml. DNA transfections were performed using the liposome reagent DMRIE-C (Gibco-BRL), as described by the manufacturer. A 1 mg portion of cDNA was transfected in each assay except in the coexpression assay ( Figure 8 ) where a total of 3 mg was transfected following a ratio of 1 : 3 of HA-E4orf4 : ARM cDNA. Protein expression was normally assayed at 24 or 48 h post-transfection.
Expression vectors and mutagenesis
Preparation of cDNAs expressing Flag-GFP and Flag-E4orf4-GFP has been described elsewhere (Robert et al., 2002) . Preparation of Flag-E4orf4 (amino acids 1-63)-GFP designated Flag-E4(NT)-GFP and of Flag-E4orf4 (amino acids 64-114)-GFP designated Flag-E4(CT)-GFP were by PCR using Flag-E4orf4-GFP as template DNA and the forward and reverse oligonucleotides 5 0 -CGC GGA TCC GCG GGC CCA CAG AGC GAG CTA AGC GAC GA-3 0 and 5 0 -GCA GAA TTC CTC GAG CTG TAC GGA GTG CGC-3 0 , respectively. The resulting fragments were digested with ApaI and XhoI and inserted into ApaI-XhoI sites of the Flag-GFP vector (Robert et al., 2002) . To generate constructs expressing GFP-HAE4orf4, GFP-HA-E4orf4-R73-75A and GFP-HA-E4orf4-R69-75A, HA-E4orf4, HA-E4orf4-R73-75A and HA-E4orf4-R69-75A sequences were excised from their original vector (Marcellus et al., 2000) , respectively, using the restriction enzyme PmeI and were subcloned into the EGFP-C1 vector (Clontech) previously digested with the restriction enzyme Ecl136II. To generate constructs expressing GFP-E4(62-79), GFP-E4(66-75) (also designated GFP-E4ARM), GFP-TatARM or GFP-RevARM, the GFP-specific cDNA sequence was excised from vector EGFP-C1 (Clontech) by standard PCR techniques with the addition of the appropriate aminoacid codon sequences as well as flanking BamH1 (5 0 ) and EcoR1 (3 0 ) restriction enzyme sites. The sense oligonucleotide was 5 0 -CGC GGA TCC ATG GTG AGC AAG GGC GAG GAG-3 0 , and the reverse oligonucleotides were 5 0 -CGC GAA TTC CTA GTG ACA AAC AGA TCT GCG TCT CCG GTC TCG TCG CTT AGC TCG CTC TGT GTA GTA CTT GTA CAG CTC GTC CAT GCC GAG AG-3 0 , 5 0 -CGC GAA TTC CTA TCT GCG TCT CCG GTC TCG TCG CTT AGC TCG CTT GTA CAG CTC GTC CAT GCC-3 0 , 5 0 -CGG AAT TCC TAT TGA TGA GCT CTT CGT CGC TGT CTC CGC TTC TTC CTG CCC TTG TAC AGC TCG TCC ATG CCG AGA GTG-3 0 and 5 0 -CGG AAT TCC TAT CTC TGT CTC TCT CTC CAC CTT CTT CTT CTA TTC CTT CGG GCC TGT CGC TTG TAC AGC TCG TCC ATG CCG AGA GTG-3 0 , respectively. The GFP-E4(62-95) construct was generated as mentioned above using the GFP-E4(62-79) construct as a template, using the forward oligonucleotide described above and the following reverse nucleotide: 5 0 -CGC GAA TTC CTA GGA ACG CCG GAC GTA GTC ATA TTT CCT GAA GCA AAA CCA GGT GCG GGC GTG ACA AAC AGA TCT G-3 0 . Digested PCR products were all cloned into pCDNA3. The PCR Quick Change technique (Stratagene) was used to generate the GFP-(E4ARM)R69-R70A and GFP-(E4ARM)R74-R75A constructs using GFP-E4ARM as a template and appropriate altered oligonucleotides. Similarly, the GFP-(E4ARM)R66A-R70A and GFP-(E4ARM)R72A-R75A constructs were generated using the GFP-(E4ARM)R69A/R70A and GFP-(E4ARM)R74A/R75A constructs, respectively, as templates. Constructs expressing GFP-(E4ARM)R66K, GFP-(E4ARM)R66-70K, GFP-(E4ARM)R66-73K and GFP-(E4ARM)R66-75K were generated using the PCR Quick Change technique (Stratagene). GFP-(E4ARM)R66K was generated using GFP-E4ARM as the template and 5 0 -GAG GAG CTG TAC AAG AAA GCT AAG CGA CGA GAC-3 0 and 5 0 -GTC TCG TCG CTT AGC TTT CTT GTA CAG CTC GTC-3 0 as the forward and reverse oligonucleotides, respectively. GFP-(E4ARM)R66-70K was generated using GFP-(E4ARM)R66K as the template and 5 0 -G TAC AAG AAA GCT AAG AAA AAA GAC CGG AGA CGC AG 0 3 0 and 5 0 -CT GCG TCT CCG GTC TTT TTT CTT AGC TTT CTT GTA C-3 0 as the forward and reverse oligonucleotides, respectively. GFP-(E4ARM)R66-73K was generated using GFP-(E4ARM)R66-70K as the template, and 5 0 -GCT AAG AAA AAA GAC AAG AAA CGC AGA TAG GAA TTC-3 0 and 5 0 -GAA TTC CTA TCT GCG TTT CTT GTC TTT TTT CTT AGC-3 0 as the forward and reverse oligonucleotides, respectively. GFP-(E4ARM)R66-75K was generated using GFP-(E4ARM)R66-73K as the template and 5 0 -GAA AAA AGA CAA GAA AAA GAA ATA GGA ATT CTG CAG-3 0 and 5 0 -CTG CAG AAT TCC TAT TTC TTT  TTC TTG TCT TTT TTC-3 0 as the forward and reverse oligonucleotides, respectively. Myc-PK was a kind gift of Gideon Dreyfuss and has been described elsewhere (Siomi and Dreyfuss, 1995) . The construct expressing myc-PK-E4ARM was prepared by inserting amino acids 66-75 of E4orf4 in the myc-PK vector using standard PCR technique. Myc-PK was used as the template, and 5 0 -CTG GTG TCC CGG TAC CGC CCG CGG-3 0 and 5 0 -ATA GTT TAG CGG CCG CTC ATC TGC GTC TCC GGT CTC GTC GCT TAG CTC GTG GCA CGG GCA CCA CCC GCA TGG TGT TGG T-3 0 were the forward and reverse oligonucleotides, respectively. The resulting fragment was digested with KpnI and NotI and inserted in the KpnI-NotI sites of the myc-PK vector. All constructs were verified by DNA sequencing. HA-E4orf4-R66-73K was made much like GFP-(E4ARM)R66-73K as described above using subsequently HA-E4orf4-R66K and HAE4orf4-R66-70K as templates (M-J Miron and PE Branton, unpublished) and 5 0 -GAC AAA GCT AAG AAA AAA GAC AAG AAA CGC AGA TCT GTT TGT CAC GCC-3 0 and 5 0 -GGC GTG ACA AAC AGA TCT GCG TTT CTT GTC TTT TTT CTT AGC TTT GTC-3 0 as the forward and reverse oligonucleotides, respectively.
Microscopy
For in vivo localization studies, live cells expressing the various GFP fusion proteins were observed using a Zeiss LSM 510 Axiovert 100M confocal microscope equipped with a PlanAchromat Â 63/1.4 oil DIC objective. Samples were scanned at a speed of 8 using the linear mode and the mean method as well as a pinhole of 106 (optical slice o2.2 mm) and a zoom setting of 2. Eight scans were compiled and averaged by the computer software to give the final image, which was captured as an 8-bit TIF file. For all pictures, the detector gain was set between 800 and 1000 while the amplifier offset and the amplifier gain were set at À150 and 1, respectively, so as to ensure that all signals were recorded the same way. The palette tool was also used to ensure that the signals recorded did not reach pixel saturation. The intensity of fluorescence signals was recorded in the cytoplasm, nucleus and nucleoli of cells after the pictures were taken using the profile tool available with the Zeiss 510 software. Briefly, a line was randomly drawn through each picture representing one plane of a cell taken about halfway through the cell thickness (at around 5 mm). Markers were set in the cytoplasm, nucleus or nucleolus along this line and fluorescence signals were recorded. In order to account for variations in fluorescence intensities from one cell to another, measurements were taken in the cytoplasm, nucleus and nucleoli of each cell, and cytoplasmic/nuclear or nucleolar/ nuclear ratios were computed. A total of 30 measurements were taken for each sample, in each cell compartment, across at least three different experiments. Standard deviation and statistical analysis was performed using Microsoft Excel to ensure that all results were significant. Immunofluorescence studies using the myc-PK and myc-PK-E4ARM vectors were performed as described elsewhere (Lavoie et al., 2000) using anti-c-myc (9E10) antibody (Covance) followed by anti-mouse antibody conjugated to ALEXA 594 (Molecular Probes). Nuclei were stained using 6 0 diamidino-2-phenylindole (DAPI). For light microscopy, cell morphology was observed using a Zeiss Axiovert 25 microscope equipped with an LD A-PLAN Â 20/0.3 Ph1 objective. Images were recorded using a Carl Zeiss Vario-Sonnar, MPEGMOVIE EX, digital still camera DSC-S75.
Cell death assays
Colony formation assays have been described elsewhere (Marcellus et al., 2000) . Briefly, cells were grown in six-well culture dishes and transfected with appropriate cDNAs. At 24 h following transfection, cells were collected, diluted and aliquots were plated onto 60-mm culture dishes in triplicate and cells expressing the transfected plasmids were selected with geneticin (Sigma) for 15 days. Colonies were then fixed, stained and counted. For competition of HA-E4orf4 and GFP-E4ARM, GFP-TatARM or GFP-RevARM, cells were grown in six-well culture dishes and transfected with the appropriate cDNAs. At 48 h following transfection, cells were photo-graphed, washed in phosphate-buffered saline (PBS), and the total protein content was extracted from the cells for Western blotting.
Western blotting
Cells were washed in PBS and lysed on ice in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA and 1% Triton X-100) containing protease inhibitors. Protein content was quantified using Bio-Rad reagent (Bio-Rad) and equal amounts were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to PVDF membranes and probed using mouse anti-HA antibody (Babco), mouse anti-tubulin antibody (Sigma) or mouse anti-GFP antibody (Santa Cruz). Visualization was completed using goat anti-mouse antibodies conjugated to horseradish peroxidase (HRP) (Jackson ImmunoResearch) followed by enhanced chemiluminescence detection (NEN Life Science Products).
Abbreviations ARM, arginine-rich motif; E4ARM, adenovirus E4orf4 arginine-rich motif, residues 66-75; HIV-1, human immunodeficiency virus 1; HTLV-1, human T-cell leukemia virus 1; NoLS, nucleolar localization signal; PK, pyruvate kinase; PP2A, protein phosphatase 2A; SV40 LT, simian virus 40 large T antigen; RRNA, ribosomal RNA.
